Traditional rapid prototyping (RP) 
Introduction
Rapid prototyping technologies [1] have been widely used in the past two decades. Many RP techniques have been developed and implemented in order to create a large variety of prototypes. Three dimensional objects are built with polymers, metals or ceramics using well known traditional RP processes or the most recent RP trends. Although some of these processes are capable of generating components with the same material, they can be classified by their material supply system. A few examples are Fused Deposition Modeling (FDM) [2] [3] below,Stereo Lithography (SLA) [4] [5] [6] , and Selecting Laser Sintering (SLS) [7] [8] [9] . FDM uses polymer wires that through a heated nozzle are deposited on the working base in a semi molten state. SLA creates its prototypes by scanning and curing the surface of a liquid polymer layer by layer. Using the same concept, SLS creates prototypes by scanning and sintering thin layers of material powder. All three methods use a control system that drives the deposition, curing, or sintering process according to CAD files loaded into the system.
Recently researchers have developed deposition techniques, such as Laser Engineering Net Shaping (LENS) [10] [11] , based on cladding [12] technologies. Cladding is a surface process which changes the material properties at the surface of a component by adding a layer of different material. Surface cladding has been widely investigated in the material processing literature and cladding application for rapid prototyping purposes is becoming a trend. For RP, LENS is a technology that builds fully dense prototypes by spraying metal powder into the melting pool of a high power Nd-Yag laser beam. When the laser moves, a thin line of solid metal is left behind and the building process carries on layer by layer. Many other recent techniques have been implemented based on the LENS concept and all of them have advantages and disadvantages as stated in the literature.
The objective of the paper is to show the limitation of the existing RP technologies and to outline a unique solution that allows the integration of RP processes in a single machine in order to achieve a more flexible solution for material deposition and processing. The paper starts by outlining the limitations of the existing rapid prototyping technologies and focus on their major design needs. Section 3 describes the design requirements that meet those needs. The paper proceeds with a functional design decomposition and shows the principal solution to the design requirements. A detailed design of the MMMPDM machine is proposed at this early stage of design and the paper ends with conclusion and future work.
Limitations of Current Technologies
Traditional RP techniques are still an active instrument in the world of manufacturing. Although they are capable of creating complex geometries, they are still limited in their use as final products. Prototypes are not always functional due to the model material used, and the material is still connected to the use of a specific RP technique. If we need an ABS prototype we would probably use an FDM machine, and if a metal component is required, SLS or LENS are the best candidates
The main restriction of the traditional RP processes is the inability of building objects with more than one material using the same machine. Only recently has LENS technology investigated the use of a second material [16] below. In addition, existing commercial machines are specialized only in building prototype, and they are not capable of performing different actions such as surface processing.
Another important limitation is represented by the use of a single power source for material deposition. It is acknowledged that different energy sources can be more efficient than others when processing different materials; for example an electric arc can melt aluminium easier than a laser beam.
In conclusion we can classify these limitations as follows:
1.
Single material Prototypes 2.
Single Energy source 3.
Limited position and motion control 4.
Prototype not always functional These four points represent the starting point for the flow of information that characterizes the design process. The current RP limitations are the starting point in the determination of the design needs, Figure  1 . Needs can be divided into two main categories: Multi Material and Integration.
Multi Material represents the capability of the RP system for changing its material in its sub systems, if a variety is in fact needed:
1. "Within the Prototype" -when different materials can be simultaneously processed during the building phase in order to create objects with multiple properties (e.g. Mechanical, Electrical, Magnetic).
2. "For different Prototypes" -when prototypes can be built in a variety of material on demand, with no delay and without changing the RP machine.
Integration is the possibility of integrating more than one process, whether it be RP or not, in a single machine. We believe that integrating multiple processes will increase the flexibility of the system for 
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Figure 1: MMMPDM Design Process
processing a wider range of materials in a more efficient way. Some processes are faster than others, while some are more efficient, therefore integration will benefit the entire manufacturing process in many different aspects such as cost, quality and reliability.
Design Requirements
In order to accomplish the previously described needs, the following design requirements need to be met:
1. Controlled quantity and density of multiple materials.
Simultaneous processing of the materials with
laser and other processing technologies. 3. Modular implementation of material supply and processing technologies.
Multi degrees of freedom for position and motion capability
The initial design requirement can be accomplished by using different material feed systems driven by a control system. Control software needs to be implemented in order to manage material choice and feed rate. In this way, Locally Controlled Properties [13] [14] and Functionally Graded Deposition [15] [16] [17] can also be achieved.
For the second design requirement, the system must be capable of using multiple power sources that can work either simultaneously or independently for the material processing. A laser beam can be used when accuracy is significant and an electric arc can be implemented to speed up the process. Flexibility in using more power sources is imperative when there is a need to process various materials. (i.e.: Some material can react differently to different wavelengths of laser radiations).
The design must also be modular; the capability of adding or removing material supplies and processes can increase the system's functionality and compactness.
The final design requirement is a critical factor in the manufacturing process. Some RP techniques have recently been used to fix parts of existing object such as turbine blades. Instead of replacing the entire rotor, the worn blades have been reconstructed utilizing laser deposition technology. Furthermore, if the surface of an object needs to be processed (Surface hardening or surface coating), more than three degrees of freedom are required in the position and motion control system.
Functional structure
The previous design requirements lead to the functional structure of the system. For our purposes, we can define a functional decomposition of the design process where three main inputs (Energy, Position and Material) are required by the system for generating the output (Material Deposition and Material Processing).
Our objective is to develop a system that is capable of building and processing 3D objects, and for this reason, deposition parameters are fundamental for the building process and material processing. The functional diagram can be seen in Figure 2 .
The diagram shows that the two functions Energy and Position are fully connected to the system, meaning that they are essential for the system in order to output Material Processing. If we consider a process of heat treatment, there is solely a requirement for an energy source and a positioning system to process the specimen, therefore the input "Material" is not necessary for the process in order to work and therefore it is represented by a dashed line in Figure 2 . 
Energy
The input Energy represents the power source needed to process the material. Currently different energy sources have been widely used in material processing and rapid prototyping (Laser, Electric Arc, Electron beam, Plasma gun). Depending on their characteristics or performance (such as speed, accuracy, interaction with materials, availability, costs, physical dimension, energy and delivery system), some are more suitable than others. Table 1 compares the available energy sources with respect to characteristics and performances that are appropriate for our purposes. A simple weighting method (+, -, 0) is implemented for the final design decision. The table underlines that three out of four available technologies have gotten high scores in our priority scale; hence they are good candidates for our purposes. The electron beam does not fit in our priority list due to its predominantly negative scores. This technology remains relatively expensive in comparison to other technologies. Moreover, with the electron beam a vacuum chamber is required and the beam can not be flexibly transported such as a laser beams in fibre optics. Therefore the physical dimensions and delivery system are so far not suitable for our design purposes.
Material
Rapid prototyping technologies have been primarily classified by the material used, or more specifically, by the material physical composition. SLS (Selective Laser Sintering) uses metal, polymer or ceramic powder while FDM (Fused Deposition Modeling) requires polymers wires and SLA (Stereo Lithography) cures liquid polymers for creating objects. Different RP techniques, using the same material, can be differentiated from one another by means of the delivery technique of the specific material. A prototype can be built by spraying powder into the melting pool of a laser beam (LENS) or by scanning the surface of a powder bed (SLS).
Besides these techniques for material deposition we can also consider surface hardening processes using enriched gases such as Nitrogen and Carbon. A viable approach would be to spray those gases directly into the melting pool, caused by an energy source such as laser, when scanning the surface of a specimen to be processed.
For the reasons above we can consider the function Material in Figure 2 as composed by three sub functions:
1. Material variety (metals, polymers, ceramics), 2. Material physical composition (Solid Powder, Liquid, Wire, Gas) 3. Delivery systems.
From these functions we are able to create Table 2 indicating materials comparison and final decisions. From the scoring it is clear that powder (for material deposition) and gas (for surface processing) will be our first choice, but wires and liquid polymers need to be considered in order to increase the flexibility of the system. 
Position
The term position is a key function in our design decomposition. It represents the motion capability of the system for building or processing prototypes. The system would not have the ability to give any output if the input position as well as energy were missing. Table 3 lists few positioning mechanisms that have been ranked for our design decision. The table shows that the first two positioning systems have the same score and thereby should be given equal priority in the design decision. This is would be true if we were to consider a system that can build prototypes such as the existing RP technologies, but if we consider the capability of repairing or processing existing objects, as previously described, the position efficiency is a key factor. Thus the 3 axes table cannot be accepted due to his lack of flexibility.
Principle solution
It is now obvious that in order to meet the developed design requirements we need to design a machine that consists of the following major units:
1. Positioning control of the work piece in more than three axes (like a CNC machine). 2. Material supply unit. 3. Laser and alternative energy sources and associated instrumentation.
Control system.
The system we propose includes more than one material supply system, designed specifically for delivering powder or wire and liquids into the melting pool created by an energy source. Mixing chambers will be available for material mixing capability when simultaneous material processing is needed.
More than one energy source, such as a laser, electric arc, or plasma gun can be plugged into the system head. The particular design of the head allows all the energy sources to focus on the same processing point. In this way, both independent and simultaneous processes with a single or multiple power sources are achievable.
The system head is designed in such a way that the plugged power sources are able to slide along an ark shaped fork and rotate around Z axe, all the while keeping the focus on the same spot. The energy sources are connected to their power supply through flexible connections such as fibre optics or flexible hoses in order to guarantee motion freedom. A multi channel nozzle has the capability to feed liquid, powder and gas into the processing spot. The positioning system allows more that 3 degrees of freedom in order to build and process three dimensional prototypes.
The entire system is driven by a control hardware and software specifically designed for the proposed purpose. This principal solution is shown in Figure 3. 
Detailed Design:
At this stage of the design process, the complete system shown in Figure 3 is still far from being realized. Our design choices are primarily derived by resource limitations and availability. The system we built has limited capabilities compared to the principal solution; however it is equipped for future upgrades. Our solution consists of the following units: There are many different Laser systems available in the market for our design. CO 2 and NdYag laser have been widely used for material deposition and processing, and lately Diode laser have been considered for their compact dimension and wavelength. When we deal with material processing we need to consider that material energy absorption is directly related to the energy wavelength. This is one of the main reasons of our choice is the diode laser. These kinds of laser systems are relatively inexpensive, compact and much more efficient in comparison to CO 2 and Nd-Yag in material processing due to their short wavelength (940nm). Figure 4 shows the optical absorption of various materials at different wavelength. From the graph it can be shown that below 1µm (Diode Laser wavelength) the absorption increases exponentially and consequently we can consider a 150W diode laser as efficient as a 1000W CO 2 for our purpose.
In regards to the material feeder, we have been constrained by resources. The two feeders are far from the optimal choice due to their feeding accuracy and pulsating feed rate. A fluidized bed powder feeder will definitely increase the accuracy and decrease the irregularity in the deposited line, making it a better candidate.
In order to reduce the pulsating phenomena in our feeders, we chose to enclose the feeders in Argonpressurized acrylic boxes. With this configuration we have achieved three benefits:
1. Reduction of the feed pulsations 2. Mixing capability of the two materials stored in the feeders. The gas during its flow to the melting pool carries the powder particles through a mixing chamber. In this way the two materials can be dynamically mixed before reaching the melting pool. 3. The melting zone is consequentially shielded by the inert carrier gas avoiding oxidation due to the oxygen content in the surrounding air.
For the positioning system we opted for a 3 axes CNC table available in the department, although limitations in the system will remain, as previously described in the explanation of Table 3 . The laser optics and the feed nozzle are plugged onto a head custom designed based on physical constraints and design requirements. The head has been designed to fit on the existing Z axe of a CNC table after removing the spindle. The laser optic slides on an arc shaped fork for approximately 30 degrees, while at the same time can rotate around the main pin that connects the fork to the fork holder, all the while keeping the focus on the same spot. The fork holder is connected to the Z axe of the CNC table in place of the existing spindle. In this way two more degrees of freedom have been added to system. The solid model of the head can be shown in Figure 5 .
Figure 5: Head Design
At this stage of development, a National Instrument control board and LabView platform have been adopted to control the powder feeder and the laser power supply. The developed software is capable of monitoring and controlling the laser functions and it can also dynamically control the powder feed rate simultaneously, allowing a fine adjustment and mixing capability of both the materials used.
Conclusion and future work
We proposed a system that overcomes the most common limitation of the existing rapid prototyping technologies. The final system will be capable of changing material supply and energy source on demand for building and processing a variety of objects. The system can be considered a unique machining center in terms of material deposition and processing and it will be capable of integrating the most common RP process in one single machine. At this stage of development, our machine can easily integrate the use of more than one material supply and it is ready for a second power source. Hardware, control software and building sample are shown in Figure 6 . Further investigation will be made to improve the complete system.
Although the system proposed has some limitations due to design constraints previously mentioned, it has demonstrated that it meets most of the design needs. The system has been tested by building different samples. Thus far simple thin walls have been created with two materials such as copper and iron. The materials have been processed separately and simultaneously in order to create single material and functionally graded walls. The modular implementation has been undertaken exclusively on the material supply. Feeding modules can easily be added and removed from the system. The machine has limited dimensional control because of its poor positioning system, but future work will address positioning system improvement and add a second energy source. The control software will be upgraded in order to control the second energy source and more than two materials.
